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Charge distribution and conformational stability
eﬀects of organic structure-directing agents on
zeolite synthesis†
Donghui Jo and Suk Bong Hong *
While the use of the so-called organic structure-directing agents
(OSDAs) is no stranger to zeolite synthesis at all, the eﬀects of their
charge distribution and conformational stability on the phase
selectivity of the crystallization remain elusive. To systematically
investigate these eﬀects, we have prepared a series of imidazolium
and pyrazolium derivatives with the same geometric shape but
diﬀerent positions of nitrogen atoms in the five-membered hetero-
cyclic aromatic ring and used them as OSDAs for the synthesis of
zeolites with pure-silica composition. Meaningful diﬀerences in the
zeolite product were observed.
Zeolites and related materials, an extraordinary class of micro-
porous, crystalline solids with regular and well-defined channels
and cavities, continue to find new applications in adsorption,
separation, and catalysis.1 Consequently, there is still need for
synthesizing zeolitic materials with novel framework structures.
It was in the early 1960s when Barrer first introduced tetra-
methylammonium into the synthesis mixture of Si-rich zeolite A
(framework type LTA).2 Since then, the use of alkylamines and
alkylammonium ions as OSDAs in zeolite synthesis, both with
and without the presence of inorganic species, has enabled
the discovery of a great number of unprecedented zeolite
structures.3 Despite the fact that the geometric correspondence
between the organic SDAs and the pore architecture of the final
zeolite phase is generally quite loose, on the other hand, it is well
established that the framework structure of the zeolite formed
can be strongly aﬀected by the shape and size of the OSDA
employed.1,3 However, there is little known about the eﬀects of
their charge distribution and conformational stability on the
phase selectivity of the crystallization,4 probably due to the lack
of OSDA systems suitable for addressing this issue.
Recently, alkylated imidazolium cations, with two non-
adjacent nitrogen atoms in the five-membered aromatic ring,
have been extensively used as OSDAs in zeolite synthesis and
have aﬀorded many materials with novel framework structures
or compositions (e.g., zeolites ITW, STW, RTH, etc.).3d,5 While
the pyrazolium derivatives have received little attention as
OSDAs,6 their aromatic ring with two adjacent nitrogen atoms
possesses the same shape, size, and chemical formula as those
of the imidazolium ring but a diﬀerent charge distribution.
Therefore, a comparison of the structure-directing abilities of
pyrazolium-based cations in zeolite synthesis with those of
imidazolium-based cations will allow us to investigate in detail
how the charge distribution in OSDAs can influence the phase
selectivity. Herein we present the representative products from
zeolite syntheses using three pairs of methylated imidazolium
and pyrazolium cations as OSDAs to check whether our specu-
lation is valid or not. We have also carried out syntheses using
similar imidazolium and pyrazolium derivatives containing an
ethyl group and thus some degree of flexibility to show that the
conformational stability of OSDAs is another factor aﬀecting
the phase selectivity of the crystallization.
Fig. 1 shows a series of alkylated imidazolium and pyr-
azolium derivatives with the same geometric shape, all of which
were synthesized using commercially available compounds (see
experimental details in the ESI†). However, although diﬀer-
ences in the position of two nitrogen atoms in their aromatic
ring must influence the charge distribution in each pair of
OSDAs, identifying diﬀerences in their charge distribution is
not an experimentally easy task. Thus, we performed density
functional theory (DFT) calculations for the structural optimiza-
tion of each OSDA and then visualized the electrostatic potential
(ESP) surface at the B3LYP/6-31+G(d,p) level of theory using the
Gaussian 09 program.7 The ESP mapping results in Fig. 1 reveal
that the blue-colored region near the nitrogen atoms has a
higher electrostatic potential energy and thus is more positively
charged than the other regions in the molecule, for instance,
alkyl groups. More interestingly, there are also diﬀerences, both
small and large, in the ESP surface (i.e., charge distribution)
of these six diazolium pairs, despite the same shape between
each pair.
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Table 1 lists the products obtained from fluoride-mediated
pure-silica zeolite syntheses at 175 1C and H2O/SiO2 = 5.0 using
12 diﬀerent imidazolium- and pyrazolium-based OSDAs as shown
in Fig. 1. The products listed were the only ones obtained in
repeated trials, and the pure-silica synthesis composition was
selected because the phase selectivity of the crystallization can
also be significantly changed by the presence of heteroatoms
such as Al and Ge other than Si in the synthesis mixture.1,3c,d
1H–13C CP MAS NMR spectroscopy evidences that all OSDAs
employed here remain intact upon encapsulation within the
pores of the zeolite products obtained under the conditions
described above (e.g., see Fig. S1, ESI†). In the case of methylated
diazolium cations, the 123TMI and 123TMP pair always directed
the synthesis of zeolite ITW, a two-dimensional (2D) small-pore
material. Similarly, both 1234TMI and 1235TMP were found to
give the same phase, i.e., STW, a chiral medium-pore zeolite. In
contrast, the 134TMI and 124TMP pair shows a notable differ-
ence in the phase selectivity of the crystallization: while 134TMI
yielded pure ITW, 124TMP gave a mixture mainly made up of
TON, a 1D medium-pore material (Fig. S2, ESI†).
No significant changes in the phase selectivity of the crystal-
lization were observed when zeolite syntheses were carried out at
a lower temperature (i.e., 125 1C) in the presence of methylated
diazolium-based OSDAs (Table S1, ESI†). As well established,8 we
also found that an increase in the H2O/SiO2 ratio in the synthesis
mixture (e.g., from 5.0 to 15.0) at 175 1C could exert a great
influence on the phase selectivity (Table S2, ESI†). While the
precise reason that 124TMP directs the synthesis of impure TON
at 175 1C and H2O/SiO2 = 5.0 is unknown at this time (Table 1), it is
worth noting that TON could be synthesized in a pure form using
the same OSDA at a higher H2O/SiO2 ratio of 15 (Table S2, ESI†).
The comparison of the ESP surfaces of 134TMI and 124TMP
indicates that the charge distributions of these two cations are
significantly diﬀerent from each other, unlike those of the
former two pairs of methylated OSDAs. The region between the
two adjacent methyl groups (i.e., blue-colored region) in 124TMP
was found to be more positively charged than that near the
isolated methyl group (i.e., red-colored region). As shown in
Fig. 1a, however, the opposite holds for 134TMI. Given the
similarity between 134TMI and 124TMP in many other aspects,
including size, shape, total charge, and chemical composition,
therefore, the diﬀerence in their charge distribution may be
responsible for the observed phase selectivity. To our knowledge,
this is the first example where the charge distribution eﬀect of
OSDAs on their zeolite structure direction is experimentally
recognized. Although the precise reason is unclear, it is not very
diﬃcult to conjecture that the Coulombic interactions between
the OSDA and the negatively charged silicate oligomers during
the crystallization process can diﬀer according to the charge
distribution in OSDA molecules. This may lead to the formation
of diﬀerent types of organic–inorganic composite structures and
thus of different final zeolite structures. Therefore, the use of
OSDAs with quite similar molecular shapes but different charge
distributions in zeolite synthesis appears to be an alternative
route to the search for novel structures.
On the other hand, the ESP surfaces of the three pairs of
imidazolium- and pyrazolium-based OSDAs with both methyl
and ethyl groups, as shown in Fig. 1b, were found to be not so
diﬀerent from each other. This led us to expect that each pair
may produce the same zeolite phase. However, this is only the case
for the 1E23DMI and 1E23DMP pair that directs the synthesis of
ITW (Fig. S2, ESI†). As listed in Table 1, 2E13DMI and 2E134TMI
gave ITW and STW at 175 1C andH2O/SiO2 = 5.0, respectively. Also,
1E25DMP and 1E235TMP yielded nonasil (NON) and HPM-2
(i.e., a layered precursor to MTF),5g respectively (Fig. S2, ESI†),
although we were not able to clearly discriminate between
their structure-directing abilities at 125 1C or H2O/SiO2 = 15.0
(Tables S1 and S2, ESI†).
Fig. 1 Imidazolium- and pyrazolium-based OSDAs with (a) only methyl
groups and with (b) both methyl and ethyl groups, which have the same
geometric shape but diﬀerent charge distributions, studied in this work.
Their electrostatic potentials mapped onto the electron density surface with
an isovalue of 4  104, which were calculated at the B3LYP/6-31+G(d,p)
level of theory, are also given. Abbreviations: 123TMI, 1,2,3-trimethylimid-
azolium; 134TMI, 1,3,4-trimethylimidazolium; 1234TMI, 1,2,3,4-tetramethyl-
imidazolium; 123TMP, 1,2,3-trimethylpyrazolium; 124TMP, 1,2,4-trimethyl-
pyrazolium; 1235TMP, 1,2,3,5-tetramethylpyrazolium; 1E23DMI, 1-ethyl-
2,3-dimethylimidazolium; 2E13DMI, 2-ethyl-1,3-dimethyl-imidazolium;
2E134TMI, 2-ethyl-1,3,4-trimethylimidazolium; 1E23DMP, 1-ethyl-2,3-dimethyl-
pyrazolium; 1E25DMP, 1-ethyl-2,5-dimethylpyrazolium; 1E235TMP, 1-ethyl-
2,3,5-trimethyl-pyrazolium.
Table 1 Representative products from zeolite syntheses using a series of
imidazolium and pyrazolium derivatives as OSDAs
Ra Productb R Product
123TMI ITW 123TMP ITW
134TMI ITW 124TMP TON + NON + MFI
1234TMI STW 1235TMP STW
1E23DMI ITW 1E23DMP ITW
2E13DMI ITW 1E25DMP NON
2E134TMI STW 1E235TMP HPM-2c
a The composition of the synthesis mixture is 0.50ROH0.50HF1.0SiO2
5.0H2O, where R is OSDA, and the abbreviations are the same as those in
Fig. 1. All syntheses were performed under rotation (60 rpm) at 175 1C for
14 days. b The product appearing first is the major phase. c A layered
precursor of zeolite MTF.
Communication ChemComm
Pu
bl
ish
ed
 o
n 
11
 D
ec
em
be
r 2
01
7.
 D
ow
nl
oa
de
d 
by
 P
O
ST
EC
H
 L
ib
ra
ry
 o
n 
6/
10
/2
01
9 
8:
17
:1
0 
A
M
. 
View Article Online
This journal is©The Royal Society of Chemistry 2018 Chem. Commun., 2018, 54, 487--490 | 489
To understand diﬀerences in the phase selectivity observed
for the latter two pairs of imidazolium and pyrazolium deriva-
tives containing both methyl and ethyl groups, which cannot be
explained by diﬀerences in the charge distribution, we focused
our attention on the eﬀect of a flexible or rotatable bond
(i.e., the bond between the aromatic carbon or nitrogen atom
and the first carbon atom of the ethyl substituent, denoted as
the CEt(3)–EAr(2) bond, where E is C or N) in these OSDAs on the
phase selectivity of the crystallization. The relative energy of each
OSDA calculated as a function of the EAr(1)–EAr(2)–CEt(3)–CEt(4)
torsion angle at the B3LYP/6-31+G(d,p) level is shown in Fig. 2a.
The flat-shaped conformations with the ethyl group located
near the plane of the aromatic ring, whose torsion angles are
around1801, of 1E23DMI and 1E23DMP were found to be much
more energetically favorable (0.2–4.7 vs. 14.6–19.1 kJ mol1) com-
pared to those of the other two pairs, whereas their flat-shaped
conformations with torsion angles around 01 are more unstable.
This can be attributed to the fact that no steric strain by an
adjacent substituent is present when the torsion angle of 1E23DMI
and 1E23DMP reaches about 1801. In contrast, 1E25DMP and
1E235TMP showed less preference (19.1 vs. 14.6–15.4 kJ mol1) to
the flat-shaped conformations at torsion angles around 1801
than the corresponding imidazolium cations (i.e., 2E13DMI and
2E134TMI) where the two methyl groups are adjacent to the ethyl
group attached to the carbon or nitrogen atom of the aromatic
ring (Fig. 2a).
It is also remarkable that the shape of the cavities in the four
zeolite phases (i.e., ITW, STW, NON, and HPM-2) crystallized
using these two pairs of OSDAs, which were found to contain
approximately one OSDA molecule per their cavity (Table S3
and Fig. S3, ESI†), is from flat- to plump-shaped. As a result, the
dimension of their height is considerably diﬀerent from one
another (Fig. S4 (ESI†); ITW, 3.48 Å; STW, 3.97 Å; NON, 4.76 Å;
and MTF, 5.46 Å). Here we compared the cavity dimension of
MTF, instead of HPM-2, because, although the structure of the
MTF precursor remains unknown,5g its largest cavity dimension
cannot be larger than the interlayer distance in HPM-2. If such
is the case, the existence of larger cavities in NON and HPM-2
could then be correlated with the highest energy barrier for the
flat-shaped conformations at torsion angles around 1801 of
the OSDAs employed. As shown in Fig. 2a, the flat-shaped
conformation of 1E25DMP and 1E235TMP is more unstable
than that of 2E13DMI and 2E134TMI, although diﬀerences in
their energy barrier are 3.8–4.5 kJ mol1 (Fig. 2a and Fig. S4,
ESI†). Thus, the latter two imidazolium OSDAs may direct the
formation of ITW and STW structures consisting of similar flat-
shaped cavities without much difficulty. This leads us to believe
that the structure of the crystallized zeolite product can be
influenced by the stability of a particular type of conformation
available to the OSDA under zeolite synthesis conditions.
To elucidate the reason behind OSDAs with both methyl and
ethyl groups showing diﬀerences in the conformational stability,
we monitored the CEt(3)–EAr(2) bond length in each OSDA as a
function of the EAr(1)–EAr(2)–CEt(3)–CEt(4) torsion angle. As
shown in Fig. S5 (ESI†), the trend of changes in this bond length
is essentially the same as that observed for the relative energy of
each OSDA (Fig. 2a). As expected, in addition, the CEt(3)–CAr(2)
bonds of 2E13DMI and 2E134TMI are longer than the
CEt(3)–NAr(2) bonds of the other OSDAs. To directly compare
changes in their CEt(3)–EAr(2) bond length, we converted them to
the unitless measurements that are given with respect to the
bond length in the most stable conformation of each of the
OSDAs (Fig. 2b). When the torsion angle is ca. 1801, the extents
of changes in the CEt(3)–NAr(2) bond length of 1E25DMP and
1E235TMP were calculated to be about 0.9%. However, the
CEt(3)–NAr(2) bonds in 1E23DMP and 1E23DMI with one adja-
cent methyl group to their ethyl group are characterized by
considerably smaller changes, i.e., 0.2–0.4%. Fig. 2b also shows
Fig. 2 (a) Relative energies and (b) extents of changes in the CEt(3)–EAr(2)
bond length of three pairs of imidazolium and pyrazolium derivatives with
both methyl and ethyl groups calculated at the B3LYP/6-31+G(d,p) level of
theory as a function of the EAr(1)–EAr(2)–CEt(3)–CEt(4) torsion angle, where
E is C or N.
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that the extent (0.6%) of changes in the CEt(3)–CAr(2) bond
length of 2E13DMI and 2E134TMI is smaller than that (0.9%) in
the CEt(3)–NAr(2) bond length of 1E25DMP and 1E235TMP with
the same steric environment near the ethyl group. This
indicates that the shorter CEt(3)–NAr(2) bond of 1E25DMP and
1E235TMP is more severely elongated to stabilize the flat-shaped
conformations, thus reducing their conformational stability
more than 2E13DMI and 2E134TMI with a longer CEt(3)–CAr(2)
bond. Therefore, it is most likely that the conformational
stability of these diazolium-based OSDAs can differ according
to the type (i.e., C or N) of aromatic ring atom connected to a
rotatable ethyl group.
We also compared the relative energies of the theoretical
compounds 1-ethyl-2,3,5-trimethylimidazolium (1E235TMI),
4-ethyl-1,3,5-trimethyl-imidazolium (4E135TMI), and 3-ethyl-
1,2,4-trimethylpyrazolium (3E124TMP) that have the same
molecular shape as that of 2E134TMI and 1E235TMP. Here
we tentatively defined the torsion angles of the three theoretical
OSDAs in a way that their flat-shaped conformations are more
stable around 1801 than around 01 (Fig. S6, ESI†). The
flat-shaped conformations at torsion angles around 1801
of 2E134TMI, 4E135TMI, and 3E124TMP containing the
CEt(3)–CAr(2) bond were found to have lower energy barriers
(10.0–15.4 vs. 19.1–20.1 kJ mol1) than those of 1E235TMI and
1E235TMP with the CEt(3)–NAr(2) bond, showing that the energy
barriers of OSDAs are again affected by the type (i.e., C or N) of
EAr in the CEt(3)–EAr(2) bond. It is interesting to note here that
their barriers are also relevant to the type of the adjacent (in the
direction that the ethyl group is pointing when the torsion
angle reaches about 1801) bond in the aromatic ring, i.e.,
EAr(2)–EAr(5) bond (Fig. S6, ESI†). As for the CEt(3)–EAr(2) bond,
4E135TMI and 3E124TMP with a longer CAr(2)–CAr(5) bond have
lower energy barriers (10.0–10.4 vs. 15.4 kJ mol1) than 2E134TMI
with a shorter CAr(2)–NAr(5) bond.
In summary, a series of imidazolium and pyrazolium deriva-
tives with the same molecular shape but diﬀerent charge dis-
tributions have been used as OSDAs in zeolite synthesis. It is
found that diﬀerences in the charge distribution of OSDAs as well
as in their conformational stability can have a great influence on
the phase selectivity of the zeolite crystallization. The overall
results of this work may have important implications in better
understanding the structure direction eﬀect from OSDAs in
zeolite synthesis.
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